AbSTrACT: Idiopathic pulmonary fibrosis (IPF) is an intractable disease for which the pathological findings are characterized by temporal and spatial heterogeneity. The pathogenesis is composed of myriad factors, including repetitive injuries to epithelial cells, alterations in immunity, the formation of vascular leakage and coagulation, abnormal wound healing, fibrogenesis, and collagen accumulation. Therefore, the molecular target drugs that are used or attempted for treatment or clinical trials may not cover the myriad therapeutic targets of IPF. In addition, the complicated pathogenesis results in a lack of informative biomarkers to diagnose accurately the status of IPF. These facts point out the necessity of using a combination of drugs, that is, each single drug with molecular targets or a single drug with multiple therapeutic targets. In this review, we introduce a humoral factor, stanniocalcin-1 (STC1), which has myriad functions, including the maintenance of calcium homeostasis, the promotion of early wound healing, uncoupling respiration (aerobic glycolysis), reepithelialization in damaged tissues, the inhibition of vascular leakage, and the regulation of macrophage functions to keep epithelial and endothelial homeostasis, which may adequately cover the myriad therapeutic targets of IPF.
Introduction
What is idiopathic pulmonary fibrosis? Idiopathic pulmonary fibrosis (IPF) is a chronic lung disease in which the lung volume (vital capacity), diffusing capacity for carbon monoxide, 6-minute walking distance, and oxygen contents in the blood are reduced irreversibly through the progressive fibrosis. 1, 2 The pathological findings of IPF usually show the usual interstitial pneumonia, which is characterized by temporal and spatial heterogeneity with fibrotic foci, mature fibrosis, honeycombing, etc. 3 The prognosis is poor, and the mean survival time is within three to five years. The quality of life (QOL) in patients with IPF is also very poor because of progressive dyspnea and intractable cough. New molecular target drugs, pirfenidone and nintedanib, reduce the annual decline of the vital capacity and may improve the prognosis, [4] [5] [6] but the effects of these drugs are weak and insufficient to satisfy the needs of patients. Therefore, new therapies for improving the prognosis and/or QOL of IPF patients are needed. 7, 8 The lack of reliable biomarkers leads to the treatment failure using single drug targeting specific molecules of IPF. Although several biomarkers, including KL-6, SP-D, MUC5, MMP7, spirometry, breath gases, and fibrocytes, have been explored by clinicians, there are no useful markers that accurately predict the diagnosis and prognosis. 9 The reason is that, since the pathogenesis of IPF is very complicated, the combination of only a few biomarkers will not be adequate for the evaluation. Therefore, a combination of drugs or a single drug with broad actions will be needed to cover the myriad therapeutic targets of IPF.
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spleen, thymus, parathyroid, muscle, pancreas, intestine, heart, lung, liver, adrenal grand, kidney, prostate, placenta, testis, and ovary. The wide expression of STC1 suggests that its function is exhibited in an autocrine and paracrine fashion to maintain calcium homeostasis and to inhibit apoptosis. Furthermore, its localization to the spleen and thymus suggests a role in the immune/inflammatory responses. [12] [13] [14] Mesenchymal stem cells secrete huge amounts of STC1 into microenvironment to maintain homeostasis of organ and tissue under harmful conditions. Mesenchymal stem cells (MSCs) have been shown to ameliorate lung injuries and fibrotic changes in animal models of bleomycin-, naphthalene-, and lipopolysaccharide-induced lung injuries. 10, [15] [16] [17] [18] MSCs are known to home to the sites of injuries, inhibit the inflammation, and promote the tissue repair through various functions, including differentiation into specific cells and secretion of trophic factors promoting wound healing and Immunomodulation. Recently, paracrine effects of MSCs have been reported to be among the most important factors for wound healing (Fig. 1) . 10, 15, [19] [20] [21] [22] [23] We found that MSCs secrete huge amounts of STC1 in comparison with alveolar epithelial cells (AECs), alveolar macrophages (AMs), and fibroblasts under multiple insults, including hypoxia, acidosis (eg, lactic acid and hydrochloric acid), and oxidative stress (eg, hydrogen peroxide). 24, 25 We found that the profibrotic growth factors, TGF-β1, PDGFB, and FGF2, stimulate MSCs to secrete much STC1 in comparison to AECs and fibroblasts. We also found that STC1 derived from MSCs ameliorated lung injuries and fibrogenesis in a bleomycin-induced pulmonary fibrosis animal model (Fig. 2 ).
10 STC1 is considered an important initiator of wound healing through Oxidative stress induces ER stress and unfolded protein response (UPR) in AECs and AMs. Continuous UPR causes continuous secretion of tgF-β1 from aeCs and aMs. on the other hand, tgF-β1 stimulates MsCs to secrete stC1 through pi3/aKt/mtor pathway. stC1 increases uCp2 and uCp2 induces a reduction of er stress through the reduction of ros in aeCs and aMs. Finally, stC1 derived from MsCs reduces the secretion of tgF-β1 from aeCs and aMs. abbreviation: BlM, Bleomycin.
regulating calcium and Adenosine Tri-Phosphate (ATP) efflux into cells. 26, 27 These insights suggest that STC1 is a kind of shock protein released from MSCs to maintain homeostasis and initiate the first step of wound healing. 23 The purpose of this review was to summarize and provide the expected effects and side effects of STC1 treatments for IPF.
STC1 has Myriad Functions: the Possibility of Covering Complicated Therapeutic Targets of IPF
oxidative stress and profibrotic growth hormones induce MSCs to secrete STC1. Injuries and stress, such as viral infections, gastroesophageal reflux, smoking, inhaled particles, genetic vulnerability of epithelial cells, hypoxia, acidosis, and other environmental exposures, cause the accumulation of intracellular reactive oxygen species (ROS), which activate various pathways including those involved in inflammation, wound healing, metabolism, cell proliferation, differentiation, and death in AECs and AMs. 7, 28 Intracellular ROS induce endoplasmic reticulum (ER) stress that is characterized by the accumulation of unfolded proteins in the ER. An excessive unfolded protein response (UPR) induces cell death, but moderate and continuous UPR results in the prolonged activation of profibrotic inflammatory pathways containing NF-κB, P38, and JNK and the inadequate secretion of profibrotic growth factors, such as TGF-β1, PDGF-BB, and FGF2, from AECs and AMs. [29] [30] [31] [32] [33] Interestingly, ROS and profibrotic growth factors derived from AECs and AMs induce MSCs to secrete huge STC1 in tissues. 10 We found that the ability of MSCs to ameliorate lung injuries and fibrosis is dependent on STC1 secretion.
10

STC1 induces uncoupling respiration in AeCs and
AMs. STC1 induces the upregulation of uncoupling protein 2 (UCP2) in AECs and AMs. UCP2 induces uncoupling respiration even under aerobic conditions. 10, 24, 25 Uncoupling respiration reduces mitochondrial membrane potential, calcium efflux into mitochondria, and the production of ROS derived from mitochondria. Uncoupling respiration also stimulates the anaerobic pathway producing ATP and the lipid utilization of mitochondria and maintains total ATP production in cells. Therefore, uncoupling respiration results in a reduction of oxidative stress and the survival of cells under harmful microenvironments (Fig. 3) . These dynamic changes in metabolism status may be the main functions of STC1. We also confirmed that STC1 derived from MSCs reduces intracellular ROS, ER stress, and TGF-β1 production in AECs and AMs on the dependency of UCP2. 10 When MSCs are injected intravenously, almost all the MSCs are trapped in the lung and the MSCs release STC1 in the microenvironment of pulmonary fibrosis in an autocrine or paracrine manner. The administration of STC1 via the trachea (inhalation) also reduces the injuries and fibrosis in bleomycin-induced pulmonary fibrosis. 10 This result suggests that the inhalation of STC1 can inhibit AECs and AMs directly. The efficiency of STC1 in reducing intracellular ROS measured by flow cytometry was 1500 times higher than that with the same quantities of N-AcetylCysteine (NAC).
10
STC1 promotes wound healing in epithelial cells.
Wound healing is essential for maintaining homeostasis and for the survival of all creatures. The healing process is always the result of sequential steps, each taking the damaged area one step closer to restoring the cellular architecture and function. The turbulence of these processes may cause fibrogenesis and carcinogenesis. Generally, the processes of wound healing, in the order of occurrence, are clot formation, inflammation (macrophages and neutrophils), cell migration and remodeling (reepithelialization), and resolution. 27 Until recently, little was known about the immediate signals that initiate the process and the reepithelialization signal that terminates wound healing. Recent studies revealed that ATP and Ca 2+ from damaged cells are needed for the initiation UCP2 can induce both uncoupling respiration and aerobic metabolism Figure 3 . the schema of uCp2 and stC1 functions in the intracellular atp and ros production. stC1 induces the upregulation of uCp2 in aeCs and aMs, which induces uncoupling respiration even under aerobic conditions. uncoupling respiration reduces the mitochondrial membrane potential and the production of ros derived from mitochondria in cells. uncoupling respiration also stimulates the anaerobic pathway production of atp and the lipid utilization of mitochondria and maintains the total atp production. therefore, uncoupling respiration results in a reduction of oxidative stress and the survival of cells under harmful microenvironments.
STC1 induces cell survival through up-regulation of UCP2
of wound healing. The influx of ATP and Ca 2+ into epithelial cells via P2X and P2Y receptors regulates the ATP-induced calcium wave that stimulates the PI3-AKT and ERK-MAPK signaling pathways to promote wound healing. STC1 sensitizes the incorporation of ATP and Ca 2+ influx into epithelial cells via the P2X and P2Y receptors. 11, 26, 27, 34 Extracellular ATP also stimulates inflammatory cells, including macrophages, neutrophils, and lymphocytes, and these cells remove damaged cells. 35 Interestingly, at this point, STC1 is upregulated in epithelial cells and initiates reepithelialization with the surge of Ca 2+ influx. 26, 27, 34 STC1 inhibits Ca 2+ signaling in the migration of macrophages and endothelial cells to damaged tissues. 12, 36, 37 STC1 may regulate the beginning and end of wound healing using different mechanisms depending on the type, whether epithelial or mesenchyme. STC1 may be a very important factor for the recovery of abnormal wound healing, which is a major problem in the pathogenesis of IPF.
27
STC1 inhibits the activation of AMs. Alveolar injuries and stress in alveolar spaces activate the innate immune system, especially, AMs. A conceptual classification divides activated macrophages into two major groups, M1 and M2. M1 macrophages recognize damage-associated molecular patterns and pathogen-associated molecular patterns. 23, 38 The activation of NF-κB, P38, and JNK pathways in M1 macrophages induces the transcription of proinflammatory genes, NLRP3 inflammasome, and causes M1 macrophages to release the proinflammatory cytokines such as IL-1β and TNFα. 23, 39 These cytokines promote fibrosis through the upregulation of ROS production. Alternatively activated M2a-like macrophages secrete large amounts of profibrotic growth factors, insulin-like growth factor (IGF) binding protein 5, CCL18, arginase, etc., which promote fibroblast differentiation and collagen synthesis. 7 On the other hand, TH-2 cytokines such as IL-4 and IL-13 induce the activation of Mreg/M2c-like macrophages through KL4, PPAR, and STAT6 pathways located downstream of the IL-4 receptor. These macrophages can promote the resolution of fibrosis through multiple mechanisms, including the production of suppressive cytokines such as IL−10.
39 STC1 also inhibits NLRP3 inflammasome through decreasing mitochondrial ROS. 40 Furthermore, STC1 inhibits the production of TGF-β1 through the downregulation of ER stress and ROS, which is dependent on UCP2. 10 These results suggest that STC1 can inhibit the activation of M1 and M2a macrophages in alveolar spaces.
STC1 may promote the early inhibition of vascular leakage and reepithelialization in damaged alveolar spaces. When the alveolar structures are injured by various insults, the desquamation of AECs from the basement membrane and transmigration of circulating monocytes into alveolar spaces, vascular leakage, and coagulation occur in the alveolar spaces. Early inhibition of the vascular leakage and reepithelialization may prevent fibroblast accumulation and collagen genesis in the damaged alveolar spaces. STC1 blocks the TNF-α-induced monolayer permeability of coronary artery endothelial cells through maintaining occluden-1 and claudin-1, which comprise the tight junction. 41 Furthermore, the increase of vascular permeability after ischemia/reperfusion injury by clamping renal pedicles is inhibited in STC1 transgenic mice.
36 STC1 promotes reepithelialization in wound healing through inducing migration by keratinocyte lamellipodia formation and inhibits the metzincin metalloproteinase, pregnancy-associated plasma protein-A, which modulates IGF signaling. 34, 42 These studies suggest that STC1 can inhibit vascular leakage and fibroblast accumulation and promote reseal by the epithelial cell migration in the earlier stages of the injuries.
Is STC1 carcinogenetic? Numerous papers have mentioned higher expression of STC1 in many cancers, although the mechanisms have not been clarified. 11 Normal tissues also have higher STC1 expression under ischemic or hypoxia conditions. Therefore, the higher expression of STC1 is not specific to cancer. 11, 24, 25 The higher expression of STC1 in ischemic tissues and cancer can be explained as an adaptation for avoiding apoptosis through reducing ROS production from mitochondria and ER stress. Perhaps STC1 shifts the metabolic status of cells into uncoupling respiration for adaptation of the cells to the harmful condition. 24 Several papers have described STC1 has an anticarcinogenesis function in cancers under the control of NF-κB, P53, etc. [43] [44] [45] In addition, it has been reported that STC1 stimulates anticarcinogenesis factors, such as AMPK, sirtuin3, and UCP2, in renal ischemia/reperfusion injury. 46 MSCs cultured in a 3D sphere expressed higher levels of STC1 and showed reduced proliferation and differentiation. They also expressed high levels of three anticancer proteins: IL-24, TNFα-related apoptosis-inducing ligand, and CD82. 15, 47 STC1 transgenic mice do not show any carcinogenic character in their natural history. 48 Intermittent inhalation of STC1 might be safe in terms of carcinogenesis, but further data are needed to confirm its safety as a treatment for IPF.
Summary
STC1 has myriad functions including the maintenance of calcium homeostasis, the promotion of early wound healing and uncoupling respiration (aerobic glycolysis), the inhibition of vascular leakage, the reepithelialization in damaged tissues, and the regulation of macrophage functions (Fig. 4) . In addition, small quantities of STC1 are sufficient to reduce BLMinduced pulmonary fibrosis. Since STC1 is a local hormone found in all animals, it will likely not have any significant side effects that may enable its use in combination with other molecular target drugs for the treatment of IPF. The inhalation method can deliver STC1 to AMs directly. Inhalation of STC1 may have the great possibility of promoting normal wound healing in the lungs of IPF. Initiate early wound healing pathway Figure 4 . Myriad functions of stC1 cover the various therapeutic targets of ipF. stC1 has myriad functions including the maintenance of calcium homeostasis, the promotion of early wound healing, uncoupling respiration (aerobic glycolysis), the inhibition of vascular leakage, reepithelialization in damaged tissues, and the regulation of macrophage functions. these numerous functions of stC1 cover various therapeutic targets of ipF.
